Abstract-In this paper, we address three issues related to the design of opamps for oversampled converters: the theoretical minimum-power bound for an ideal opamp, the best opamp choice in terms of power dissipation, and the best design strategy to reduce power dissipation. To be able to do so, we develop a model that captures the dynamics of the integrator inside the modulator. Based on this model, power dissipation for various opamp topologies is computed and compared with each other. We show that class-A opamps can consume one to six times the current consumed by an idealized class-AB opamp, though the savings for practical class-AB opamps is likely to be lower. For high-resolution applications, class-A topologies are most optimal, while for lower resolution lower power applications, class-AB opamps may be more suitable. We further demonstrate a design strategy with the help of an example that can be used to minimize the power dissipation for class-A opamps.
I. INTRODUCTION
O VERSAMPLED A/D converters are widely used in instrumentation, data acquisition, telecommunications, and consumer electronics. Advantages of oversampled A/D converters include a higher dynamic range and a larger signalto-noise ratio than traditional architectures. Additionally, in these converters the requirement for precisely matched components is relaxed. The operational amplifier within the modulator is the most critical component. For instance, finite gain, bandwidth, and slew rate of the opamp cause an incomplete transfer of charge in the integrator, which in turn causes nonlinearities. To show this effect, in Fig. 1 we plot the error voltage (the output voltage minus the input voltage) versus the input voltage for a first-order delta-sigma converter. The gray curve shows the ideal behavior, while the dark curve shows the effect of finite settling of the opamp. The sharp peaks in both curves are the result of tones [1] . The ratio shows the number of time constants available for settling for the zero-slew condition. Previous research [2] has shown that some amount of harmonic distortion is inevitable. Additionally, it has been shown that the amount of distortion is input-signal dependent. While a perfect opamp is not feasible, we can design an opamp to settle sufficiently for any given resolution. This accuracy in settling directly translates into a minimum bound on the power dissipated by the opamp. In [3] , Castello et al. addressed the issue of minimum power dissipation for a general switched-capacitor (SC) filter for sinewave inputs. However, their method cannot be extended Manuscript received July 8, 1997; revised July 22, 1998. This paper was recommended by Associate Editor H. Tanimoto.
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Publisher Item Identifier S 1057-7130(99)02345-9. to delta-sigma modulators directly, due to the existence of the large feedback reference voltage in delta-sigma modulators. In [4] , Degrauwe et al. developed an expression for the minimum transconductance for the opamp used in a micropower SC filter. However, in their paper, the input signals are always assumed to be small, such that there is no slewing. This is not true for the opamps in delta-sigma modulators.
In this paper, we address three issues related to the optimal design of oversampled converters: 1) the theoretical minimum power dissipated by an ideal opamp; 2) the best opamp topology in terms of power dissipation; and 3) the optimal design strategy to achieve minimum power dissipation for a class-A opamp. This paper extends the results presented in [5] . In Section II, we classify some commonly used opamps for delta-sigma converters. In Section III, we develop a general SC integrator model that includes the large feedback signal inherent in delta-sigma modulators. In Sections IV and V, we develop a model for the power dissipated by the different opamp topologies classified in Section II and compare their power dissipation. In Section VI, we develop an optimal design strategy for class-A opamps. And finally in Section VII, we provide some conclusions.
II. OPAMP CLASSIFICATION
In order to provide a comprehensive comparison, we first classify some commonly used opamp topologies in delta-sigma modulators and provide example circuits for them. Generally these opamps can be classified into either class-A or class-AB amplifiers. To avoid any possible confusion of terminology, we define a class-A amplifier as an opamp for which the available output current is limited and remains fixed, even when a large differential input voltage is applied. This definition is graphically shown in Fig. 2 . In this figure, is the maximum output current flowing into or out of the load capacitor, and is the differential input voltage at which the output current saturates to its maximum value of . Examples of such amplifiers include the currentgain (symmetrical) OTA [7] and the folded-cascode OTA [8] . A fully differential current-gain opamp is shown in Fig. 3 . For generality purposes, the current mirror ratio is assumed to . A fully differential folded-cascode opamp is shown in Fig. 4 . The current mirror ratios selected are optimal in that they provide symmetrical positive and negative slew rates.
We define a class-AB amplifier as an opamp for which the output current is not limited when a large differential voltage is applied. This definition is graphically shown in Fig. 5 . Traditionally, class-AB opamps [6] , [9] - [13] use a low-and well-controlled quiescent current which increases automatically when a large differential input is applied. In Fig. 6 , we show the class-AB opamp used by Castello [6] . It is based on two pairs of source-coupled nMOS and pMOS transistors. The current mirror gain ratio between the input stage and the output stage is again assumed to be equal 
to
. For both fully differential opamps shown here, the details of the common-mode feedback circuitry are not included.
Another opamp that is sometimes referred to as a class-A opamp is the Miller-compensated two-stage opamp. The circuit schematic for this opamp is shown in Fig. 7 . The characteristic output current versus the differential input voltage is shown in Fig. 8 . As can be seen, the output current has a limited value in one direction and an unlimited value in the other direction. Because of the asymmetrical behavior of the output current, a Miller-compensated opamp does not fit directly into our definition of either a class-A or a class-AB opamp. However, since the limited-output current direction determines the worstcase slewing and settling behavior of the circuit, we classify the Miller-compensated topology as a class-A opamp. 
III. A GENERAL SC-INTEGRATOR MODEL
The power dissipated by the opamps used in delta-sigma modulators cannot be analyzed without a thorough understanding of the SC integrator in such modulators. The resolution of the overall converter imposes a limitation on the final error in the integrator output voltage as a result of the finite slewing and settling behavior of the opamp. To ensure that the slewing and settling is sufficient, a certain amount of power has to be dissipated. Therefore, the analysis of the power dissipation can best be understood by understanding the dynamic behavior of the integrator.
In this section, the simple SC integrator used in delta-sigma modulators is analyzed to establish the differential equations governing the time-varying behavior. The integrator shown in Fig. 9 is selected for the sake of simplicity. The results obtained can be extended to other more complex configurations without much effort. In a delta-sigma modulator, feedback is generated by the sampling of the reference voltages.
1 For our example, we shall assume a two-phase nonoverlapping clock scheme. During the first clock phase the input signal and one of the reference voltages, depending on the output of the comparator in the delta-sigma modulator, are sampled onto the input capacitor and the reference capacitor , respectively, (i.e., switch and or are activated). During the charge stored in these capacitors is then transferred to the integrating capacitor (i.e., switch and are closed). For the clock phase, the model is straightforward. For the clock phase, the integrator can be modeled by two different equivalent circuits, depending on the operational mode of the opamp. The two modes of operation are defined as large-signal mode and small-signal mode.
A. Large-Signal Mode
When the voltage at the inverting input node of the opamp is larger than the differential-pair threshold voltage , the opamp is said to function in the large-signal mode. The time period for which is larger than is termed as the large-signal period, which is normally called the slewing period for class-A opamps. During the large-signal mode, one of the differential input transistors of the opamp is completely off. During this period, the opamp is not operating as a negative feedback system. For this mode, the output stage of 1 The two reference voltages are usually generated from a single supply. For single-ended systems, the negative and positive value of V r are generated by altering the clock phase. While for fully differential circuits, the two values are generated by switching the inputs. However, for simplicity, here we shall assume two perfectly matched voltages. the opamp can be represented by the two current sources/sinks and whose values can be time-dependent. The simplified integrator schematic for this case is depicted in Fig. 10 . The activation of the switches and can be transformed into step inputs seen at the capacitor and . In this model, is equal to the input voltage and is equal to either or depending on the output of the comparator, where are the reference voltages. This model focuses on how node voltages and branch currents change with time, without discussing the details of any particular opamp topology.
During the rising edge of and the amplifier cannot react instantaneously, so the negative input of the opamp also makes a step jump. The magnitude of the initial step is equal to (1) where is equal to and is usually of the same order of magnitude as the supply voltage. For some combinations of and , the opamp will experience an initial voltage jump that is larger than the differential pair threshold voltage . The opamp now operates in the large-signal mode. From Kirchhoff's law of voltages and currents, we can write the following set of equations:
The resulting differential solution for is given by (3) where (4) Equation (3) describes the voltage at the inverting input of the opamp throughout the large-signal period: from just after the initial voltage jump until the beginning of the smallsignal mode. This equation provides the basic framework for the comparison of the various opamp topologies during the large-signal period.
For a single-ended class-A opamp, e.g., in the case of the current gain opamp (Fig. 3) , either or are zero, depending on the polarity of . For instance, let be equal to zero.
is now equal to where is the current mirror ratio and is the tail current. For the fully differential version of the above-mentioned class-A opamp, neither nor is zero, but their difference is equal to . This is the current that either charges or discharges one side of the output. Due to its fully balanced nature, the rate of change of the differential output voltage is equivalent to that of a single-ended opamp with an output current equal to . So the analysis for a single-ended opamp can be directly applied to its fully differential version without any change. In this case, and are now interpreted as the differential output and input voltages, respectively. This argument also applies to class-AB opamps, the only difference being that for class-AB opamps, the current difference is a function of time.
B. Small-Signal Mode
When the voltage at the inverting input node of the opamp is smaller than the differential-pair threshold voltage , the opamp is said to function in the small-signal mode. Accordingly, the time period during which the opamp operates in the small-signal mode is defined as the smallsignal period. For this period, the integrator can be modeled as shown in Fig. 11 . The current difference is now replaced by the differential input voltage-controlled current source , where is the input transconductance and is a function of the quiescent current of the input differentialpair transistors. A finite output resistance is added to model the effects of the finite gain of the opamp.
Using this model for the integrator, we can obtain the following new set of equations to describe the dynamic behavior of the voltages and currents (5) The resulting differential equations for and are given by (6) The time-domain solutions for the above equations are (7) where is the effective capacitance defined in (4), is the effective transconductance, is the final value of and is the final value of , respectively, as . Their expressions are given as follows: (8) where is the low-frequency gain of the opamp. As increases and approaches , approaches zero and approaches , as expected. Similar results for charge transfer in SC filters have been derived in [17] . Here we focus on the SC integrators used in oversampled modulators. Note that during the small-signal period, the evolution of the errors at the integrator-output node and the negative-input node of the opamp can be related as follows: (9) The above equation indicates that the two errors are related by a constant factor. This result will be used in the next section. Also note that the error due to the finite opamp gain is in the order of , and becomes negligible when is large. For clarity purposes, the analysis in the rest of this paper will assume infinite gain for the opamp. However, the effect of finite gain can be added without too much effort.
So far we have established the time-domain expressions for the negative input node voltage , the integrator output voltage , and the relationship between the evolution of their errors for a general SC integrator. Using these equations, we can easily determine error voltages at these nodes at the end of the integrating phase ( ). The final-error voltage is a function of the power supply current. Therefore, an estimate of the power dissipation can be made by analyzing the error voltage, as discussed in the next section.
IV. MODELS FOR POWER DISSIPATION
In this section, we calculate the average power dissipated by the opamp in a delta-sigma modulator. We focus on two typical input signals: dc inputs and sinusoidal inputs. An expression for the power dissipation for dc inputs is first developed and then extended for sinusoidal inputs.
Let us now define a new term, the collective input set. It is the combination of the input signal and the reference voltage. For the fixed-input value, there are two elements in this set: the input signal plus the positive reference voltage or the input signal plus the negative reference voltage . The methodology we adopt here is to compute the power dissipation for the collective input set and in one clock period. The overall power dissipation is then a function of the opamp topology.
For example, as the power supply current is fixed in a class-A opamp, the overall power dissipation is equal to the larger of the two, i.e., (10) On the other hand, the supply current changes whenever the collective input set in a class-AB opamp is altered. The overall power dissipation is then the weighted sum of and . The weight factor applied to each collective input set is equal to the frequency of either the positive or the negative reference voltage being sampled during each conversion (Fig. 9 ). This weight factor is called the frequencies of occurrence throughout the text. Mathematically put (11) where and are the corresponding frequencies of occurrence. For the rest of this section, we adopt this nomenclature for our calculations.
A. The Average Power Dissipated in One Clock Period
As mentioned in Section II, the clock period is assumed to have two distinct phases: an integrating phase and a sampling phase. The integrating phase can be further partitioned into two periods: large-signal period and small-signal period . We now calculate the current consumption during each period.
During the large-signal period, the average output current used to charge or discharge the output capacitor can be evaluated with the help of (3) and is given by (12) (13) where and are the initial voltage jump at the negative input node of the opamp, the input differential pair threshold voltage and the length of the large-signal period. The total average current consumed during this period can be obtained from the average output current multiplied by a constant factor which is opamp topology-dependent. The coefficient accounts for the current consumed by the rest of the core circuit. The current consumption in the bias circuitry is ignored. The average total current during the largesignal period is then equal to . Note that the effective charge transferred is independent of opamp topology. The different opamp topologies only impact the value of and . Normally, for a class-AB opamp is smaller than that for a class-A opamp because of the availability of boosted current when a large differential input voltage is applied.
For the small-signal period, the average current is evaluated in a somewhat different manner. With the help of (6) and assuming infinite gain for the opamp, we have (14) Integrating the above equation with respect to time gives (15) where is the voltage at the negative opamp input node, and is the error voltage at the output node of the opamp when the integrator finishes the integration. The relationship developed in (9) was used to derive the expression in (15) . In weak inversion, the transconductance of the differential pair is given by [19] , where is the current flowing through one of the input differential pair transistors, is the weak inversion slope factor, and is the thermal voltage. Equation (15) can now be written as (16) where is used for the error voltage at the end of the integrating period.
is related to the number of bits of resolution for the overall delta-sigma converter and is the magnitude of the reference voltage. For strong inversion operation the current becomes (17) where is used, is defined as of the transistor and . The variable is the input differential-pair threshold voltage. The total current consumption during the small-signal period is therefore the current in (17) multiplied by another factor . The coefficient accounts for the current consumed by the rest of the circuit. Either (16) or (17) can be used to calculate the power dissipated during the small-signal period, depending on the operating mode of the opamp. Strictly speaking, in order to achieve an -bit resolution, only the difference of the settling error rather than the individual settling error has to be less than half of the least significant bit (LSB). However, here we shall consider the latter more stringent case.
The average current consumed in one clock period is the weighted sum of the average current consumption during the sampling phase during the large-signal period and during the small-signal period , i.e.,
We define an ideal opamp as one that dissipates no power during the sampling phase, i.e.,
. Recall that the sampling phase is when the input is sampled and the switch S1 is closed in Fig. 9 . For a class-A opamp, the total supply current is fixed and is the same for all time, and therefore . For a class-AB opamp, the current consumed during the large-signal period is usually different from that 
Again, is the weak inversion slope factor, is the thermal voltage, and and are topology-dependent parameters. Here is defined as the ratio of the sampling phase and the integrating phase . The derivation above for the class-AB opamp assumes a zero large-signal period which corresponds to infinite . In principle, this corresponds to the minimum power dissipation for a class-AB opamp because now the entire integrating phase is devoted to the small-signal period . The larger the small-signal period , the lower the current that is required to achieve the given resolution. Hereafter, whenever we refer to a class-AB opamp, we are referring to this idealized condition. Power dissipation for a real class-AB opamp is likely to be somewhat higher. Please note that is input voltagedependent, while is input voltage-independent. In the following power analysis for different input signals, we will temporarily set aside the calculation for as it is voltage independent and focus on . In the end, we will add the term to our power estimation. The constant factors and for the different opamps are summarized in Table I . Note that any extra current consumed by the auxiliary circuitry, such as the current subtractor in the adaptive opamp [11] , is assumed to be negligible. This allows us to keep our analysis simple and topology-independent. However, it should be noted that if desired an additional topology dependent constant can be added or the variables and can be altered to accommodate the impact of such additions. Additionally, such auxiliary circuits are most common in class-AB circuits and increase their power dissipation. And as such the advantages of class-AB opamps are further reduced.
For simplicity, let us assume that and that is the normalized input signal with respect to the reference voltage , i.e., . Therefore, the notation can be reduced to . The expression can be reduced to if we neglect the load capacitance and the constant factor . Neglecting the load capacitance for all the circuits has little impact for comparison purposes as it only affects the results by a constant factor. Likewise, constant term is common to all topologies. Additionally, it is usually a much smaller term than . Recall that the power dissipation is a function of both elements of the collective input set, so that even if the is small for one element, it is large for the other. By temporarily neglecting the term, the minimum power consumption for the collective input set in one clock period can be calculated from (19) and is summarized in (21) ideal opamp class-A opamp class-AB opamp.
(21)
Please note that a class-AB opamp has the same expression as an ideal opamp when the term is set aside for the time being. Also note that the term is input signal-independent and common to all the opamp topologies and is only a function of whether the opamp is operated in strong inversion or weak inversion. Equation (21) is the core expression for the power dissipation calculations that follows.
B. Average Power Dissipation for dc Inputs
Following our methodology outlined in the beginning of Section IV, the overall power dissipation for dc inputs can be obtained easily by using (10) and (11), and is shown in the next two subsections for the different opamp topologies. For clarity purposes, from now on we use the term normalized power dissipation as power expressed in units of .
1) Class-A Opamp:
For class-A opamps, the power dissipation for the two collective input sets is [see (21)] (22) Since the supply current in a class-A opamp is fixed, the opamp should be designed to handle the largest charge transfer. Therefore, the minimum power required is equal to the larger of the two values for the above expression, i.e., Plugging (26) and (24) into (25), we have (27) or . This equation indicates that the power dissipation increases when the magnitude of the input decreases. This is somewhat counter-intuitive. However, it can be understood as follows. If the magnitude of the input signal is close to the reference voltage , the digital output will be either "1" or "0" most of the time. Therefore, most of the time, the net charge stored in the input capacitors ( and ) is equal to in the sampling phase. Since is close to one (one corresponds to the reference voltage), the current needed for this net charge transfer is small. On the other hand, if the input is close to zero, the digital output will have approximately equal number of "1's" or "0's." The net charge being transferred from the input capacitors to the integrating capacitor becomes large resulting in a supply current.
Next, we consider the average power dissipation for a sinusoidal input.
C. Average Power Dissipation for a Sinusoidal Input
Using our earlier methodology, we extend the expression for the power dissipation developed for a dc input to that for a sinusoidal input during signal conversion. Without loss of generality, we can assume a large oversampling ratio, so that any sampled value of the sinusoidal signal can be treated as a quasistatic input. Assume that the input signal takes the sinusoidal form , where is the dc bias and is the amplitude. Further, , and when normalized to . The discussion is divided into two parts.
1) Class-A Opamp: Similar to the dc input case, class-A opamps should be designed to handle the largest charge transfer. Therefore the normalized power dissipation is obtained by replacing in (23) by the maximum amplitude of the sinusoidal signal , i.e.,
2) Ideal and Class-AB Opamps: For ideal and class-AB opamps, the power dissipation depends on the input signal magnitude. In this case, we time-average the power dissipation obtained in (27) over one signal period. The normalized power dissipation of both ideal and class-AB opamps is then (29) So far, we have obtained the expressions for the average power dissipation for class-A, ideal, and class-AB opamps used in a delta-sigma modulator for dc and sinusoidal inputs. 2 See the Appendix for an explanation of this derivation. Our next goal is to evaluate the different topologies in terms of the total power dissipation. In the next section, we compare the power dissipation for the various opamp topologies and select the best opamp choices for different applications.
V. COMPARISON OF POWER DISSIPATION
We now compare the power dissipation for the different opamp topologies. Before we do so, we incorporate the previously neglected term into the above established formulas. We define an additional dimensionless quantity . The comparison is made for both dc inputs and sinusoidal inputs.
A. DC Inputs
The normalized power dissipation for a dc input is summarized in Table II . A plot of the power dissipation for the different opamp topologies is shown in Fig. 12 . The inset PAB, PI, and PA on the plot stands for the power dissipation for a class-AB, an ideal, and a class-A opamp, respectively. Care must be taken when interpreting these curves. For a class-A opamp, the supply current is fixed after the design is completed. Therefore, to accommodate a new input value, a new design and/or a new supply current is needed. The curve PA in Fig. 12 simply maps out the relationship between the minimum power dissipation and the maximum dc input. For example, a dc input of 0.6 requires a minimum power dissipation of five units. An approach to minimize the supply current is illustrated in the next section. On the other hand, an ideal opamp and a class-AB opamp can presumably adjust its tail current to handle the charge transfer during the largesignal period. The supply current is designed only to meet the settling requirement during the small-signal period. No new design is necessary when the dc input is changed. The curve PAB and PI depict the adaptability of the power dissipation for different dc input signals.
By inspecting the plot, we conclude that a class-A opamp dissipates approximately the same power as a class-AB opamp for small magnitude dc inputs, but can dissipate up to six times the power of a class-AB for large magnitude signals. Our theoretical estimation agrees well with the results found in [20] . They estimate that a four-times reduction in power dissipation could result from the use of a class-AB opamp. A perfect class-AB opamp dissipates around two times the power of an ideal opamp. The additional power dissipation results from the fact that a class-AB opamp still dissipates power during the sampling period while an ideal one does not. Real class-AB opamps are likely to dissipate a little more power than shown here. Two factors have been neglected here; one, biasing overheads have been neglected and two, the largesignal period is not exactly zero. However, the above analysis is indicative of the tradeoffs between the various classes while still being topology independent.
B. Sinusoidal Inputs
The normalized power dissipation for a sinusoidal input is summarized in Table III . The comparison between the opamp topologies is similar to dc inputs and is divided into two cases.
Zero-dc Bias: The power dissipation for sinusoidal inputs without a dc bias is shown in Fig. 13 . In this case, the power curves for class-A, class-AB, and ideal opamps are similar to those seen in Fig. 12 except for some subtle differences. The curve PA remains the same. The difference between curve PAB in Figs. 12 and 13 lies in the large amplitude region where a class-AB opamp dissipates about two units of power as opposed to one unit in Fig. 12 . This is because the larger the input signal, the lower the power dissipated by a class-AB opamp. Due to the oscillatory nature of a sinusoidal signal, the effective amplitude is reduced and therefore the power dissipated increases.
DC Offset: The power dissipation for sinusoidal inputs with a dc bias offset is shown in Fig. 14 . We choose the dc bias voltage 0.5 (half the reference voltage) for illustration. The amplitude of the sinusoidal input is swept from zero to 0.5. Due to the existence of a nonzero-dc bias voltage, the power dissipation for a class-A opamp is large compared to an ideal or a class-AB opamp even when the amplitude of the sinusoidal signal is close to zero. If the amplitude of the sinusoidal signal is around 0.1, then the minimum power that a class-A opamp dissipates is five units, as illustrated in the figure. This is consistent with Fig. 12 , because the largest signal magnitude would be 0.6 (0.1 of signal amplitude plus 0.5 of dc bias). A class-AB opamp dissipates two times the power of an ideal opamp just like in the case for dc inputs.
A comparison of the power dissipation for the various opamp topologies in Section V can be summarized as follows.
1) For dc inputs, class-A opamps dissipate a similar amount of power in comparison to class-AB opamps for lowlevel signals, but dissipate a considerably larger amount of power (up to six times) than class-AB opamps for high-level signals. The most efficient class-AB opamp dissipates about twice the power of an ideal opamp. 2) For zero-offset sinusoidal inputs, the comparison is similar to the dc-input case. For dc-biased sinusoidal inputs, it is advantageous to use class-AB opamps even for a low-level signal. However, the dynamic input range of the sine wave is limited due to the dc-bias voltage.
If power dissipation rather than resolution is the primary objective in the design of an oversampled A/D converter, as in biomedical applications, then the ideal choice is a class-AB opamp. On the other hand, if high-resolution and high-linearity are the primary concerns, as in data acquisition, class-A opamps are preferred over class-AB opamps. This is because, for class-AB opamps, the power dissipation is inputsignal dependent. This can result in input-signal dependent disturbance in the reference voltage which in turn causes nonlinearities [20] . Additionally, the extra bias circuitry in class-AB opamps results in more power being dissipated than the theory suggests. This makes the use of class-AB opamps even less attractive in high-resolution applications.
VI. DESIGN FOR OPTIMIZATION
Expressions for the minimum power dissipated by class-A opamps were developed in the previous section. In this section, we attempt to answer the question as to how to design such opamps to approach this minimum. Since the supply current is the same for both the integration phase and the sampling phase, the problem can now be simplified as to how to partition the integration phase for slewing and settling such that the current is minimized.
The current-minimization procedure is illustrated by a design example. The integrator in the delta-sigma modulator is designed using two different opamp topologies, a class-A opamp and a class-AB opamp. Both designs are generated for an 16-bit converter with a 250-kHz clock rate. The reference voltage is selected to be 2.5 V and input signal is 1 V for a 5-V power supply. The signal sampling capacitance is 5 pF, the feedback sampling capacitance is 5 pF, and the integrating and load capacitances are 10 and 2 pF, respectively. For class-A opamps, the slewing and settling periods are determined by the same fixed tail current. Therefore, should be equal to , i.e.,
The problem now simplifies to the minimization of the current ( ), given the constraint . It can be shown that the current consumption is minimized when and . Here, has been used to simplify the result (see Table I ). It is clear that the optimal slewing time is solely determined by the ratio . When the ratio increases, so does the slewing period. Following the analysis in the previous section, the ratio is in the range of , where is the number of bits of resolution.
In Fig. 15 , four different U-shaped curves are plotted to show the optimal partition of the integration phase during each clock period. The U-shaped curve describes the total current consumed versus the fraction of time used for slewing. For any given partition, the slewing current and the settling currents are calculated. The plotted current is the larger one of these two. As the slewing period increases, a smaller current is needed for the opamps to reach the final output value within the given slewing period. This is reflected by the curve segments left of the optimal points. On the other hand, as the slewing period increases, a smaller fraction of the integration phase is now available for settling. Therefore, to achieve the given resolution in a shorter settling period, a larger supply current is required. This is the reason why the curves turn around and increase again when the partition ratio increases. The turning point corresponds to the optimal partition ratio. The optimal current can be calculated once the optimal partition ratio is known. As we can see, when the of the input differential pair is reduced toward weak inversion, the ratio increases. Therefore, the optimal partition point moves from Optimum Point 1 to Optimum Point 2. This leads to the expected conclusion that weak inversion operation results in the lowest power dissipation. In fact, the savings can be quite substantial, note the log scale on the -axis. For example, for our design, setting the of the differential pair to 0.3 V rather than operating the opamp in weak inversion increases the power dissipation by four times. Because in weak inversion is normally larger than one, the fraction of the clock period needed for slewing is larger than 0.5. For strong inversion operation, the fraction of the clock period used for slewing could be either larger than or smaller than one depending on the value of . The bold curve below shows the situation for a ideal class-AB opamp. The duration of the large-signal period of a class-AB opamp is determined by the input voltage and not by the quiescent current. Therefore, there is no partitioning of time required. This curve assumes the optimal conditions, i.e., zero large-signal period.
VII. CONCLUSION
In this paper, we have addressed issues related to the power dissipation and the optimal design of opamps for oversampled converters. We established a time-domain model for delta-sigma modulators that is independent of opamp topology. We focus on the dynamic behavior of the negative input of the opamp which ultimately determines the operation periods of the opamp. By introducing a new term collective input set, we propose a simple yet universal method to calculate the overall power dissipation for such modulators. We discussed the best opamp topology choices based on power dissipation for different applications. We put forward a design strategy to minimize the current consumed by class-A opamps. The primary findings presented in this paper can be summarized as follows. 1) We have developed a theoretical minimum power bound for an ideal opamp. 2) We have shown that an optimal class-AB opamp dissipates about twice as much power as an ideal opamp. 3) We have shown that a class-A opamp dissipates one to six times the power of an optimal class-AB opamp. Savings for realistic class-AB opamps are likely to be less. 4) We have shown that class-A opamps are suitable for applications with high-resolution/linearity requirements, while class-AB opamps are suitable for those with a restricted power budget. 5) We have shown that the power dissipation can be minimized for class-A opamps and this minimum can be achieved by properly partitioning the integration phase for slewing and settling. 6) We have shown that operation in weak inversion leads to the lowest power dissipation. Though weak inversion operation is not always feasible due to bandwidth limitations, our results suggest that operating as close to weak inversion as possible results in the lowest power dissipation. 7) We have shown that for weak inversion operation, more than 50% of the integration phase should be devoted to slewing. For strong inversion operation, a smaller fraction of the integration phase needs to be devoted to slewing. These findings can be used as a guide to select the appropriate opamp topology and to achieve the minimum power dissipation for class-A opamps.
APPENDIX
For sigma-delta converters the equivalent constant input value can be expressed as a function of the digital output and the quantization error where is the number of 1's, is the number of 1's, and is the normalized quantization error. Further let the total number of clock cycles be equal to . For large the quantization error becomes negligibly small and the normalized input value can be approximated in terms of the number of 1's or, alternately, the frequency of 1's, , is given by Likewise, the normalized input value can be approximated in terms of the number of 1's and the frequency of 1's, , is given by
